Objective: We hypothesized that very low birth weight (VLBW) infants have reduced serum and red blood cell (RBC) selenium (Se) at birth, which decrease further with current nutrition and are associated with chronic lung disease and septicaemia. Design: We studied Se intake, concentration in serum and RBCs and glutathione peroxidase (GSH-Px) activity in preterm and term infants from birth until 16 weeks. Data are mean7standard deviation (s.d.). Setting: Seventy-two preterm infants in two groups, born in Berlin, gestational age 26 þ 0/30 þ 0 weeks, birth weight 845/ 1270 g, with low Se intake (2.270.8/2.571.2 mg/kg/day), and 55 term infants, gestational age 39 þ 1 weeks, birth weight 3160 g, born in Venezuela (high Se intake: 2978 mg/day). Results: A balance study in 10 preterm infants showed that Se is well absorbed from human milk (7779%). Serum concentration was higher in term (142.0740.0 mg/l) than in preterm infants (17.878.1/19.972.2 mg/l) at 4/7 weeks. Serum and RBC concentration of Se declined in all infants, low values in preterm infants did not correlate with chronic lung disease and septicaemia. GSH-Px activity in RBCs remained stable until 6 weeks of age in all infants and was not correlated with Se in RBCs. Conclusions: Se concentration in serum decreases during the first weeks of life and depends on intake. GSH-Px activity is not useful as a marker for Se status in infants up to 16 weeks after birth.
Introduction
The essentiality of selenium (Se) was established in 1957 (Schwarz and Foltz (1957) ). Its importance for glutathione peroxidase (GSH-Px) activity was shown in 1973 (Rotruck et al., 1973) . Since then more than 30 selenoproteins (Behne and Kyriakopoulos (2001) ) and 25 different genes encoding selenoproteins in mammals have been detected (Kryukov et al., 2003; Schweizer et al., 2004) . Se is incorporated in selenoproteins in form of the amino-acid Se-cysteine. Secysteine is the catalytic center in different enzymes (GSH-Pxs) involved in destruction of oxygen radicals (Brigelius-Flohé, 1999) , transforming thyroxine to its active form T 3 (5 0 -deiodinases) (Köhrle 1996) , modulating the immune system and other enzymatic reactions (McKenzie et al., 1998) . The major selenoprotein in plasma is selenoprotein P, which contains more than 50% of plasma Se and plays a pivotal role in Se transport, Se detoxification, antioxidant defense and in delivering hepatic Se to target tissues (Schomburg et al, 2003 , Schweizer et al., 2005 . Se deficiency symptoms occur after long-term low Se intake in infants and adults (Van Rij et al., 1979; Vinton et al., 1988) . Sufficient intake of Se is essential for recovery from severe diseases in adults. The health of adult patients with severe sepsis, major burns and other posttraumatic problems improved following Se supplementation (Angstwurm et al., 1999) .
Since 1989, a recommended daily allowance (RDA) of 10 mg/day for Se is proposed for infants from birth to six months of age (Foods and Nutrition Board, National Research Council, 1989) . The Canadian Medical Association recommended an intake of 3.1-4.7 mg/kg/day for preterm infants o 1500 g (Nutritional Committee, Can Med Assoc, 1995) . In Germany, as in most parts of Europe, with moderate Se intake, the Se concentration in breast milk ranges from 9 to 35 mg/l (Brätter et al, 1991a, b) . In regions with a high maternal Se intake, as in parts of Venezuela, concentration in breast milk can be as high as 250 mg/l. The concentration in breast milk correlates with the Se intake of the lactating mother (Trafikowska et al., 1998) .
Owing to reduced hepatic Se stores at birth, diminished early postnatal absorption and rapid growth, preterm infants are at risk of developing Se deficiency. Se plays an important role in brain development, by affecting brain thyroid concentration, expression of thyroid-responsive genes, myelinization, and neurotransmitter synthesis (Watanabe and Satoh (1994) ; Gu et al., 1997) . In immature sheep (Welin et al, 2005) and human infants (Buonocore et al., 2001) , free radicals have been shown to be involved in white matter injury. GSH-Px is one of the most potent antioxidant enzymes. It prevents the formation of free radicals and protects against hypoxia-induced cell and tissue damage (Michiels et al., 1994) . Free radicals are involved in the pathogenesis of diseases specific for preterm infants, such as chronic lung disease, retinopathy of prematurity, intraventricular-and periventricular hemorrhage and necrotizing enterocolitis. GSH-Px activity increased in response to the oxidative stress during exposure to high concentration of oxygen and mechanical ventilation (Daniels et al., 1998) . Low postnatal serum Se content (Merz et al., 1998) and decreased GSH-Px activity were associated with chronic lung disease (Mentro et al., 2005) . Decreased GSH-Px activity has been regarded to result from immaturity. Se supplementation in preterm infants reduced the number of sepsis episodes, but not fatalities, chronic lung disease or retinopathy of prematurity (Darlow and Austin (2003) ).
We hypothesized (1) that very low birth weight (VLBW, o 1500 g) infants have reduced serum and red blood cell (RBC) Se concentration at birth; (2) that their Se stores decrease further with current feeding protocols; (3) that GSH-Px activity is a marker of the Se status; (4) that in VLBW infants chronic lung disease and nosocomial septicaemia occur more frequently when the Se serum concentration is low.
Subjects and methods
Se concentration in serum, RBCs, and human milk, and GSH-Px activity in RBC were studied in term and preterm infants, all exclusively fed with human milk. The ethical committees of the hospitals, where the infants were born, approved the studies and written parental consent was obtained. None of the infants had major feeding problems.
Three cohorts of infants were studied:
(1) 55 healthy infants born at term in the Venezuelan province of San Felipe (Brätter et al, 1991a, b) . Their mean (7standard deviation (s.d.)) birth weight was 31607364 g and the mean gestational age 3971 weeks.
They were studied at birth and at 2, 4, 8 and 16 weeks of age (mean postmenstrual age (PMA) 39, 41, 43, 47 and 55 weeks). At these time points a blood sample was collected. Breast milk of the mothers was collected at 2 weeks after birth. (2) 10 extremely low birth weight (ELBW, o 1000 g) infants described previously in a balance study (Loui et al., 2001 (Loui et al. (2004) ). Blood sample were drawn on day 3 and at 3 and 6 weeks of age (mean PMA 30, 33 and 36 weeks). At 3 and 6 weeks of age, a 24-h pooled sample of fortified human milk was collected too. Exclusion criteria were intrauterine growth retardation, serious malformations, diseases of the gastrointestinal tract and a parenteral nutrition with amino acids and/or lipids for longer than 14 days.
Preterm infants were fed parenterally with amino acids and lipids for 2079/473 days in cohort two/three, respectively. During this time 2 mg/kg/day Se was given intravenously as part of a trace element solution (Peditrace, Pharmacia und Upjohn GmbH, Erlangen, Germany) for 16710/473 days, respectively. Volumes of enteral nutrition were recorded daily.
Surveillance for nosocomial infections was performed prospectively in 53 VLBW infants as described previously (Gastmeier et al., 2004) . Cases of chronic lung disease defined as oxygen requirement longer than 36 weeks of gestation were recorded (Shennan et al., 1988) .
Sample collection and analysis
The preparation of the collection vials and the analytical measurements were done at the Department of Trace Elements in Health and Nutrition (Hahn-Meitner-Institute, Berlin, Germany). All vials, pipette tips and other material in contact with the samples were precleaned with 5% nitric acid and bidistilled water. Milk samples were stored without further treatment. Blood samples (2 ml from term, 500 ml from preterm infants at each time point) were centrifuged for 10 min at 2000 g and serum was separated from RBC. RBCs were washed three times with 0.9% NaCl solution. Urine and feces were collected using precleaned urine bags during the balance study. All samples were stored at À201C until analysis (Loui et al., 2001) .
Se was measured by instrumental neutron activation analysis (INAA, BERII, Hahn-Meitner-Institute, Berlin, Germany) using the g-emission line at 265 keV of the isotope Se-75. Before irradiation for 40 h samples, standards and standard reference materials were pipetted and weighted into precleaned quartz ampoules and dried at 401C (Brätter et al., 1984) .
Most samples were also measured by inductively coupled plasma mass spectrometry (ICP-MS, Elan 6000 Perkin Elmer, Sciex, Canada) using the Se-isotope 82. Serum, milk and urine samples were measured after dilution with 1% (v/v) nitric acid suprapur (Merck, Darmstadt, Germany), whereas RBC and feces samples were first digested with nitric acid/ hydrogen peroxide ultrapur (Merck, Darmstadt, Germany) before final dilution. Independent analytical methods and certified reference materials were used for quality control (Nuttal et al., 1995; Negretti de Brätter et al., 1995) . Se values of the materials, measured for quality control, were in good agreement with the certified values, with a day-to-day and in-run precision above 95%.
Se-dependent GSH-Px activity was measured according to the procedure of Paglia and Valentine (1967) using the RANSEL assay (Randox Laboratories GmbH, Krefeld, Germany). A control sample from Randox gave a value of 440747 U/l (n ¼ 24) (control value: 364-492 U/l). The hemoglobin analysis followed the cyanmethemoglobin procedure of Drabkin.
Se concentration was calculated using external calibration, except for feces were the standard addition method was used. To avoid problems due to differences in the RBC count, we calculated the concentration of Se and GSH-Px as mg Se/g hemoglobin or U GSH-Px/g hemoglobin.
Statistics
Statistical analysis was carried out with SPSS software 12.0. (SPSS Inc., Chicago, IL, USA). Group differences were identified with Mann-Whitney-U-test. Spearman rank correlations were also calculated. Po 0.05 was set as the threshold of significance. The absorption of selenium was calculated from the intake minus the excretion in feces. The retention was calculated as intake minus excretion in feces and urine. All data are expressed as mean7s.d. unless stated otherwise.
Results
Se concentration in breast milk varied by a factor of 10 from 64.0 mg/l in a sample from San Felipe to 6.8 mg/l in a breast milk sample from Berlin. The mean Se concentration in breast milk from San Felipe was 42.0 mg/l. The resulting intake of the infants in this region was much higher than in Germany, where the mean Se concentration in breast milk was 10-18 mg/l at different weeks of life (Table 1) . A statistical comparison of the two cohorts of preterm infants in Berlin showed no difference in the Se concentration of breast milk. The intake of VLBW infants participating in the nutritional study was calculated as 2.6 mg/kg/day at 3 weeks and 2.5 mg/kg/day at 6 weeks of age. The breast milk fortifiers used to supplement human milk with protein, minerals and trace elements contained no relevant amount of Se.
The balance study with 10 ELBW infants showed that Se from breast milk is easily available. The net absorption of Se from milk was 76.5% in both balance periods. Owing to the increase of the fed milk volume, the intake of the ELBW infants rose from weeks 7 to 12. The retention of selenium was 56.0% at 7 and 60 % at 12 weeks, respectively (Table 2 ). Absorption and retention of Se were strongly correlated to intake in both balance periods (r s ¼ 0.8, Po0.0001).
The Se concentration in serum of term infants born in San Felipe decreased by 14% from birth to 8 weeks of age (Table 3) . Afterwards the concentration increased again, probably owing to food intake other than breast milk. Serum Se concentration of the ELBW infants decreased by 17% from weeks 7 to 12. Serum Se concentration of VLBW infants declined by 44% from day 3 to 6 weeks (Po0.001) ( Table 3 ). In 9 VLBW infants at 6 weeks and in one ELBW infant at 12 weeks serum concentration of Se was o 10.0 mg/l, assumed as very low by Daniels et al. (1997) . In six of 53 VLBW infants with prospective surveillance, nosocomial septicaemia occurred (three coagulase negative staphylococci, two enterobacter, one Klebsiella pneumoniae). The incidence of septicaemia in all VLBW infants treated at our neonatal intensive care unit (NICU) (22%) during the study period was higher than in our study. Four of 10 ELBW infants and three of 62 VLBW infants developed chronic lung disease. The incidence of chronic lung disease in ELBW infants was in our study group 1.4 times higher than in the whole population at our NICU during that year, whereas the incidence in VLBW infants was comparable. Preterm infants with/without chronic lung disease and those with/without nosocomial septicaemia did not differ in their serum or RBC Se content (Table 4) . .
In term infants from San Felipe Se concentration in RBC declined after a slight initial increase by 48% until week 16. In ELBW infants, the Se concentration in RBC did not change between 7 and 12 weeks of age. A decline was observed in the Se concentration in RBC from VLBW infants between 3 and 6 weeks of age (Table 5) .
The GSH-Px activity in RBC of term infants from San Felipe rose from 5.1 U/g haemoglobin (Hb) at birth to 7.2 U/g Hb at 8 weeks and declined then to 5.0 U/g Hb at 16 weeks. The activity of GSH-Px in the RBC of VLBW infants ranged from 4.7 U/g Hb on day 3 to 5.1 U/g Hb at 6 weeks of life. Serum and erythrocyte concentration of Se and the activity of GSH-Px did not correlate.
Discussion
Se intake of German infants is 10-fold lower than in infants born in the area of San Felipe, Venezuela. Serum Se concentration declines during the first weeks of life and correlates with intake. GSH-Px activity in RBC is no usable marker for Se status in preterm and term infants.
To obtain more information about the Se status it is necessary to look at the Se concentration and the activity of Se-dependent enzymes in tissue and body fluids. Serum and RBC are the easiest available materials. Se serum concentrations in preterm infants at birth are lower than those measured in cord blood of term infants (Bertram et al., 1998; Makhoul et al., 2004) . At birth the Se concentrations in RBCs are lower in VLBW infants than in the Venezuelan term infants. No comparable data on the RBC Se in German term infants were found in the literature.
The data of our balance study showed that VLBW infants easily absorb Se. This confirms the observation of (Ehrenkranz et al., 1991). They found an absolute absorption of about 90% using Se-74 as extrinsic stable isotope marker in formula-fed VLBW infants. Similar to our findings their net absorption was 70% and their net retention was 55%. Absorption and retention of Se were strongly correlated to intake, as shown in both balance periods of our study in ELBW infants. Dörner et al. (1990) found that term infants absorb Se better from breast milk than from formula.
Former studies showed that the Se concentration in human milk at 1 week varied depending on the geographical area: 14.575.7 mg/l in Germany (Brätter et al, 1991a, b) , 9.472.0 mg/l in Belgium (Robberecht et al., 1985) , 9.273.6 mg/l in Poland (Wasowicz et al. (2003) ), 9-39 mg/l in Japan (Higashi et al., 1983) and 25-250 mg/l in Venezuela (Brätter et al, 1991a, b) . Despite the low Se concentration in human milk in Germany, the infants' intake in our studies remained within the RDA, for VLBW infants defined as 1.3-4.5 mg/kg/day (Nutritional Committee, Can Med Assoc, 1995; Raghavendra and Georgieff (2005)),which is based on measurements in fetal tissues. The average Se intake (2.571.2 mg/kg/day) of our VLBW infants was within that range. Infants born at term in San Felipe had an average intake of 8.372.0 mg/kg/day. Se absorption has been shown to correlate with intake, depending on the chemical form of Se (Strambi et al., 2004; Ghavour-Mobarhan et al., 2005) .
In serum of German term infants, fed breast milk or formula, Muntau et al. (2002) found median Se values of 50.6 mg/l during the first and 39.5 mg/l during the second month. In breastfed term German infants, Sievers et al. Muntau et al. (2002) . Data in parenthesis given as median (25/75 quartiles) 1 until 4 weeks; 2 4-8 weeks; 3 2-4 months of age.
(2001) described median serum Se values of 45.2 mg/l at an age of 4 weeks. In Venezuelan infants, the serum Se concentrations were three times higher than in German term infants at both time points. The larger volume of breast milk consumed and the higher body stores of Se explain the higher serum values of term infants. The Se concentration in serum decreased significantly during the first weeks of life. In term Venezuelan infants, serum Se decreased by about 15% before the addition of solid food. As shown previously, serum Se concentration decreased in VLBW infants by 45% from birth to 6 weeks and in ELBW infants by 18% from 7 to 12 weeks of age (Tyrala et al. 1996; Daniels et al., 1997; Sievers et al., 2001; Muntau et al., 2002) . The very low serum Se concentration of o 10 mg/l in nine VLBW infants at 6 weeks and in one ELBW infant at 12 weeks of age point to an inadequate Se intake. In RBC of VLBW infants, we found a slight decrease in Se. The RBC Se concentration from the Venezuelan infants was an order of magnitude higher than in the preterm infants from Berlin. This shows that Se stores decrease under the current feeding protocols. This was more pronounced in VLBW infants, because their body stores at birth and the intake of Se are lower. The question whether it is necessary to supplement VLBW infants with Se cannot be answered with our study. RBC GSH-Px activity was not significantly different between preterm and term infants in our study. This might be an indicator that the Se-dependent GSH-Px in RBC was saturated and that Se in RBC of the newborns is not only bound to this selenoenzyme. (Beilstein and Whanger (1983) assumed that most Se seemed to be associated with Hb in human erythrocytes. By means of speciation analysis of erythrocyte lysate it was shown that Se is bound to GSH-Px as well as to Hb even in premature infants erythrocytes (Raab and Brätter (2001) ). In adults GSH-Px activity in RBC is considered as a marker of Se status and correlates with the Se concentration in RBC. This is obviously not the case in infants less than 16 weeks of age, whether born preterm or term. Our results confirm the postulate of Daniels et al. (1997) , who regarded the activity of GSH-Px in RBC not to be a marker of selenium status in infants.
Low postnatal serum Se concentration and decreased GSH-Px activity have been associated with chronic lung disease (Merz et al., 1998; Mentro et al., 2005) . Se supplementation in VLBW infants reduced the number of septicaemia (Darlow and Austin (2003) ). In our study, serum and RBC Se concentration in VLBW infants did not correlate with chronic lung disease and septicaemia. We assume that the number of infants with each complication was too low to establish a correlation. 
